The objective was to design and manufacture a microscale Ligase Detection Reaction (LDR) device for detection of cancer-associated rare gene mutations. The LDR module will be incorporated with other devices such as a Continuous Flow Polymerase Chain Reaction (CFRCR) unit and a Capillary Electrophoresis (CE) chip in a modular lab-on-a-chip technology. During LDR, developed by Francis Barany, several primers are mixed with the analyte, exposed to a thermal cycle consisting of two steps of Experiments have shown that it is possible to obtain useable product from the LDR after 40 minutes, a 75 % reduction, before going to the microscale, which should allow further improvements. Due to the extensive mixing needed prior to the reaction a set of alternative diffusion mixers was identified and microfabricated to determine which geometry was the most effective. Simulations of the thermal response of the device were done using finite element analysis (FEA) to compare to experimental results. The required temperature profile will be obtained by using resistive heaters and thermoelectric modules. A prototype LDR device was laid out based on the results of the studies.
INTRODUCTION
Modular lab-on-a-chip technology will minimize the time and sample volume for chemical and biological analyses and reduce the cost of fabrication, so that the instruments can be used to make timely decisions in the clinic. The objective of this project was to design and manufacture a microscale Ligase Detection Reaction (LDR) module for detection of rare cancer associated gene mutations. This same miniaturization has been successfully accomplished for the Polymerase Chain Reaction (PCR) [1] [2] [3] [4] [5] [6] [7] [8] [9] . Both the LDR and PCR involve a temperature cycle. A steady-state thermal analysis was performed using finite element analysis (FEA) to determine the required thermal input and to guide the selection of a heater or thermoelectric module and the design of a controller. The times for the reaction and micro mixing of the reagents were also addressed with a prototype device configuration.
BACKGROUND
The LDR was developed and patented 10 by Francis Barany and associates at Cornell University and is used in conjunction with the Polymerase Chain Reaction (PCR) 1 hence detection of a mutation is possible.
There has been significant research on Polymerase Chain Reaction (PCR) miniaturization with reaction times as fast as 20 seconds reported 11 . In order for the LDR to be compatible and to obtain timely clinical results, it is important to scale down the reaction time so that it is comparable to the PCR. 
METHODS
The principal objective was to design and microfabricate a LDR device capable of executing the required temperature sequence in the shortest possible time. To achieve this several design issues were addressed:
1. A suitable material had to be chosen for the device, with a means for massproducing such a device; A brief description of the methods used follows.
Material Selection
Mitchell 13 showed that microfabrication using the LIGA (an acronym for the German words for lithography, electroplating, and molding) process 15 
LDR Time Reduction
Experiments were conducted to quantify whether the reaction time could be reduced from the nominal times in the standard protocol. A test matrix was developed to systematically evaluate which factors affected the reaction time in order to reduce the duration of each cycle. Table 1 shows the volume and composition of the reactants for some representative test runs. Column 1 shows the original reaction and the sample volumes and concentrations of the different reagents. In the current macroscale reaction the reagents are mixed in 50 µl tubes and a Techne thermal cycler (Burlington, NJ) is used to obtain the desired temperature profile. Com-2, czip-11, DTT, NAD, buffer and PCR product (G12) were first mixed together in the tubes, using an Eppendorf centrifuge (Westbury, NY), then heated to 95 o C and held for 2 minutes.
The ligase was then added and mixed before the thermal cycle. The products were analyzed using a Li Cor DNA analyzer (Lincoln, NE) to determine the composition of the analyte. Two main tests were conducted.
In the first set the volume of the primers were changed with the other reagents volume remaining the same over four runs. In the second set the time for annealing at 65 o C was changed from 4 minutes through to 1 minute over four runs with the reagent volumes constant.
Mixing and Fabrication of Test Mixers
Diffusive mixing was considered as a means of onboard combination of the reagents and analyte. High Since the mixers were test configurations the prototypes were microfabricated using SU-8 photo resist (Microchem, Newton, MA) with both UV and X-ray exposures, which was less expensive than making a LIGA mold insert. Two optical masks, one with a clear field and the other with a dark field, were made by Advance Reproductions (North Andover, MA) to be used in the process. PMMA was used as a base for the structures to permit drilling through for the input and output connectors; the PMMA was not affected by the chemicals used in the process. A thin layer of SU-8, approximately 2-5µm thick, was spin-coated onto the PMMA and glass cover slips, pre-baked at 95 o C, flood exposed using UV to create a cross-linked base layer, and hard-baked. The glass cover slips were needed as windows for the flow visualization system used to view the mixing process. To test the different aspect ratios, resist heights of 150µm, 300µm, 600µm
were spin-coated. Shallow layers were exposed through the dark field mask using UV. The clear field mask was used to make a gold on Kapton X-ray mask 18 , which was used to expose the deeper, 300µm and 600µm, SU-8 layers to X-rays. After exposure and post-baking, SU-8 developer was used to develop the mixers. The PMMA was drilled to give access to the channels and the glass cover slips were thermally bonded to seal the channels.
Thermal Modeling
The desired heating of the analyte and reagents can be achieved by either shuttling the LDR mixture between two isothermal zones heated by resistive heaters or by using a thermoelectric module to cycle the stationary LDR mixture between the two temperatures. Mitchell 13 has shown that if an air pocket is used to cover heaters, it can maximize the thermal insulation above and below the heated microfluidic channels and improve definition of the temperature zones. If resistive heating were used some additional cooling apparatus would still be needed to stop the reaction at 0 o C. There are different means of establishing cooling in microdevices, but a thermoelectric module was easiest to implement. These are available in various sizes and have no moving parts. An attribute of thermoelectric devices that was of particular interest to this application was that both cooling and heating are possible by reversing the direction of current flow. This would permit the sample to be contained in a reservoir isolated from the rest of the device while the temperature was cycled.
A dynamic model for the system was developed assuming that the reservoir was a block with dimensions of 1cm x 1cm x 0.3 mm. The edges that were connected to the device had conduction heat loss to the device and the remainder of the block was exposed to convection. The total heat load for convection, conduction, and radiation for this system was less than 1 W. A 1cm x 1 cm thermoelectric module was purchased from INB Products (Van Nuys, CA) for a maximum heat pumping capacity of 4.4 W.
RESULTS AND DISCUSSION
Representative results of the LDR time reduction study are shown in Making the test mixers in all SU-8 allowed for better fluid flow properties. Figure 8 shows an electron microscope image of the channels. The X-ray exposed SU-8 gave smoother channel walls than the UV exposed sample especially at the higher depths. A CCD camera will be used to visualize mixing by fluorescence microscopy and the results compared to simulations to determine the effectiveness of different configurations and aspect ratios 15 . Based on the results of experiments with the test mixers, a mixer design will be selected. A cocktail of the primers can be premixed off the chip, so that only the cocktail, PCR product and ligase will have to be mixed on the chip.
The thermal model simulation result, assuming constant flux heaters, is shown in Figure 9 . The contour plot shows just one quarter of the system due to symmetry. It can be seen that the desired temperatures are realized within 1 cm of each other. This is the maximum distance the sample would have to travel during the temperature cycle if a shuttle design is used. A ± 3 o C tolerance was used on the prescribed temperatures.
The experimental results using the thermoelectric heater are shown in Figure 10 . This profile was obtained without the use of controllers to test the switching capabilities of the thermoelectric modules, especially in cooling. The control system is currently being developed and will improve the functionality of the thermoelectric module.
Based on the results from the thermal modeling, either of the two methods could be used. The deciding factor will be the method of fluid actuation used, either electrokinetic or pressure. Valve-less control would be desirable as it simplifies the fabrication process. Generally, using pressure driven flow, especially for Proc. of SPIE Vol. 5345 85
CONCLUSION
The LDR provides a means for detecting low abundant mutations. The micro-device will greatly enhance the speed of the reaction making it a viable option in a wider range of analyses. The preliminary results indicate similar potential benefits for the LDR as were achieved for the PCR upon miniaturization. 86 Proc. of SPIE Vol. 5345
